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The top quark, discovered in 1995 by the CDF and D0 collaborations \[[@CR1], [@CR2]\] is the heaviest known elementary particle. It decays almost exclusively into a $\documentclass[12pt]{minimal}
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                \begin{document}$$b\text {-quark}$$\end{document}$. The properties of the top decay vertex *Wtb* are determined by the structure of the weak interaction. In the Standard Model (SM) this interaction has a ($\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$  boson, which is produced as a real particle in the decay of top quarks, possesses a polarisation which can be left-handed, right-handed or longitudinal. The corresponding fractions, referred to as helicity fractions, are determined by the *Wtb* vertex structure and the masses of the particles involved. Calculations at next-to-next-to-leading order (NNLO) in QCD predict the fractions to be $\documentclass[12pt]{minimal}
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                \begin{document}$$F_{\mathrm {0}} = 0.687 \pm 0.005$$\end{document}$ \[[@CR3]\].

By measuring the polarisation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$  boson with high precision, the SM prediction can be tested, and new physics processes which modify the structure of the *Wtb* vertex can be probed. The structure of the *Wtb* vertex can be expressed in a general form using left- and right-handed vector ($\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal {L}_{Wtb}= & {} - \frac{g}{\sqrt{2}} \bar{b} \, \gamma ^{\mu } \left( V_{\mathrm {L}} P_{\mathrm {L}} + V_{\mathrm {R}} P_{\mathrm {R}} \right) t\; W_\mu ^- \nonumber \\&- \frac{g}{\sqrt{2}} \bar{b} \, \frac{i \sigma ^{\mu \nu } q_\nu }{m_W} \left( g_{\mathrm {L}} P_{\mathrm {L}} + g_{\mathrm {R}} P_{\mathrm {R}} \right) t\; W_\mu ^- + \mathrm {h.c.} \end{aligned}$$\end{document}$$Here, $\documentclass[12pt]{minimal}
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                \begin{document}$$P_{\mathrm {L/R}}$$\end{document}$ refer to the left- and right-handed chirality projection operators, $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$  boson mass, and *g* to the weak coupling constant. At tree level, all of the vector and tensor couplings vanish in the SM, except $\documentclass[12pt]{minimal}
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                \begin{document}$$V_{tb}$$\end{document}$ and has a value of approximately one. Dimension-six operators, introduced in effective field theories, can lead to anomalous couplings, represented by non-vanishing values of $\documentclass[12pt]{minimal}
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                \begin{document}$$g_{\mathrm {R}}$$\end{document}$ \[[@CR4]--[@CR6]\].
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                \begin{document}$$W$$\end{document}$  boson helicity fractions can be accessed via angular distributions of polarisation analysers. Such analysers are $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$  boson decay products whose angular distribution is sensitive to the $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ polarisation and determined by the *Wtb* vertex structure. In case of a leptonic decay of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$W\rightarrow \ell \nu $$\end{document}$), the charged lepton serves as an ideal analyser: its reconstruction efficiency is very high and the sensitivity of its angular distribution to the $\documentclass[12pt]{minimal}
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                \begin{document}$$W\rightarrow q\bar{q}^{\prime }$$\end{document}$), the down-type quark is used, as it carries the same weak isospin as the charged lepton. This provides it with the same analysing power as the charged lepton, which is only degraded by the lower reconstruction efficiency and resolution of jets compared to charged leptons. The reconstruction of the down-type quark is in particular difficult as the two decay products of a hadronically decaying $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{1}{\sigma } \frac{{\text {d}} \sigma }{{\text {d}} \cos {\theta ^{*}}}= & {} \frac{3}{4} \left( 1-\cos ^{2} \theta ^{*} \right) \, F_{\mathrm {0}} \nonumber \\&+ \frac{3}{8} \left( 1-\cos {\theta ^{*}} \right) ^2 \, F_{\mathrm {L}} + \frac{3}{8} \left( 1 + \cos {\theta ^{*}} \right) ^{2} \, F_{\mathrm {R}}, \end{aligned}$$\end{document}$$which directly relates the $\documentclass[12pt]{minimal}
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                \begin{document}$$b\text {-quark}$$\end{document}$ from the top quark decay in the *W* boson rest frame. Previous measurements of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$  boson helicity fractions from the ATLAS, CDF, CMS and D0 collaborations show agreement with the SM within the uncertainties \[[@CR7]--[@CR11]\].
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                \begin{document}$$W$$\end{document}$  boson helicity fractions are measured in top quark pair ($\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$) events. Data corresponding to an integrated luminosity of 20.2 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ fb }^{-1}$$\end{document}$of proton--proton (*pp*) collisions, produced at the LHC with a centre-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$, and recorded with the ATLAS \[[@CR12]\] detector, are analysed. The final state of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ bosons. This analysis considers the lepton+jets channel in which one of the $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ bosons decays leptonically and the other decays hadronically. Both $\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec2}
==================

The ATLAS experiment at the LHC is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry and a near $\documentclass[12pt]{minimal}
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                \begin{document}$$4\pi $$\end{document}$ coverage in solid angle.[1](#Fn1){ref-type="fn"} It consists of an inner tracking detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$. It consists of silicon pixel, silicon microstrip, and transition-radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic energy measurements with high granularity. A hadron (steel/scintillator-tile) calorimeter covers the central pseudorapidity range ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 4.9$$\end{document}$. The muon spectrometer surrounds the calorimeters and is based on three large air-core toroid superconducting magnets with eight coils each. Its bending power ranges from 2.0 to 7.5 T m. It includes a system of precision tracking chambers and fast detectors for triggering. A three-level trigger system is used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector information to reduce the accepted rate to at most 75 kHz. This is followed by the high-level trigger, two software-based trigger levels that together reduce the accepted event rate to 400 Hz on average depending on the data-taking conditions.

Data and simulated samples {#Sec3}
==========================

The data set consists of *pp* collisions, recorded at the LHC with $\documentclass[12pt]{minimal}
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Samples obtained from Monte Carlo (MC) simulations are used to characterise the detector response and reconstruction efficiency of $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ events, estimate systematic uncertainties and predict the background contributions from various processes. The response of the full ATLAS detector is simulated \[[@CR13]\] using [Geant]{.smallcaps} 4 \[[@CR14]\]. For the estimation of some systematic uncertainties, generated samples are passed through a faster simulation with parameterised showers in the calorimeters \[[@CR15]\], while still using the full simulation of the tracking systems. Simulated events include the effect of multiple *pp* collisions from the same and nearby bunch-crossings (in-time and out-of-time pile-up) and are reweighted to match the number of collisions observed in data. All simulated samples are normalised using the most precise cross-section calculations available.
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                \begin{document}$$t\bar{t}$$\end{document}$ events are generated using the next-to-leading-order (NLO) QCD MC event generator [Powheg-Box]{.smallcaps}  \[[@CR16]--[@CR19]\] using the [C]{.smallcaps}T10 parton distribution function (PDF) set \[[@CR20]\]. [Powheg-Box]{.smallcaps} is interfaced to [Pythia]{.smallcaps} 6.425 \[[@CR21]\] (referred to as the [Powheg+Pythia]{.smallcaps} sample), which is used to model the showering and hadronisation, with the [C]{.smallcaps}TEQ6L1 PDF set \[[@CR22]\] and a set of tuned parameters called the [P]{.smallcaps}erugia2011C tune \[[@CR23]\] for the modelling of the underlying event. The model parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma (t\bar{t}) = 253^{+13}_{-15}$$\end{document}$ pb. This value is the result of a NNLO QCD calculation that includes resummation of next-to-next-to-leading logarithmic soft gluon terms with top++2.0 \[[@CR24]--[@CR30]\].

A sample generated with [Powheg-Box]{.smallcaps} interfaced with [Herwig]{.smallcaps}  6.520 \[[@CR31]\] using [J]{.smallcaps}immy 4.31 \[[@CR32]\] to simulate the underlying event (referred to as the [Powheg+Herwig]{.smallcaps} sample) is compared to a [Powheg+Pythia]{.smallcaps} sample to assess the impact of the different parton shower models. For both the [Powheg+Herwig]{.smallcaps} sample and this alternate [Powheg+Pythia]{.smallcaps} sample, the $\documentclass[12pt]{minimal}
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To estimate the uncertainty due to the choice of the MC event generator, an alternate $\documentclass[12pt]{minimal}
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Single-top-quark-processes for the *t*-channel, *s*-channel and *Wt* associated production are also simulated with [Powheg-Box]{.smallcaps}  \[[@CR37], [@CR38]\] using the CT10 PDF set. The samples are interfaced to [Pythia]{.smallcaps} 6.425 with the CTEQ6L1 PDF set and the Perugia2011C underlying event tune. Overlaps between the $\documentclass[12pt]{minimal}
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Diboson samples (*WW*, *ZZ*, *WZ*) are generated using the [Sherpa]{.smallcaps} 1.4.1 \[[@CR50]\] event generator with the [CT10]{.smallcaps} PDF set, with massive *b*- and *c*-quarks and with up to three additional partons in the LO matrix elements. The yields of these backgrounds are normalised using their NLO QCD theoretical cross-sections \[[@CR51]\].

Multijet events can contain jets misidentified as leptons or non-prompt leptons from hadron decays and hence satisfy the selection criteria of the lepton+jets topology. This source of background events is referred to as fake-lepton background and is estimated using a data-driven approach ("matrix method") which is based on the measurement of lepton selection efficiencies using different identification and isolation criteria \[[@CR52]\].
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==========================================================================

Object reconstruction {#Sec5}
---------------------

The final state contains electrons, muons, jets with some of them originating from *b*-quarks, as well as missing transverse momentum.

Electrons are reconstructed from energy depositions in the electromagnetic calorimeter matching tracks in the inner detector. The transverse component of the energy deposition has to exceed 25 $\documentclass[12pt]{minimal}
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To reduce the background from non-prompt electrons (i.e. electrons produced within jets), electron candidates are also required to be isolated. Two $\documentclass[12pt]{minimal}
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For the reconstruction of muons, information from the muon spectrometer and the inner detector is combined. The combined muon track must satisfy $\documentclass[12pt]{minimal}
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Jets are reconstructed from topological clusters \[[@CR12]\] built from energy depositions in the calorimeters using the anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{t}$$\end{document}$ algorithm \[[@CR54], [@CR55]\] with a radius parameter of 0.4. Before being processed by the jet-finding algorithm, the topological cluster energies are corrected using a local calibration scheme \[[@CR56], [@CR57]\] to account for inactive detector material, out-of-cluster leakage and the noncompensating calorimeter response. After energy calibration \[[@CR58]\], the jets are required to have $\documentclass[12pt]{minimal}
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Jets are identified as originating from the hadronisation of a $\documentclass[12pt]{minimal}
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The reconstruction of the transverse momentum of the neutrino from the leptonically decaying $\documentclass[12pt]{minimal}
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Event selection {#Sec6}
---------------

Events are selected from data taken in stable beam conditions with all relevant detector components being functional. At least one primary collision vertex is required with at least five associated tracks with $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"} shows the likelihood and the event probability as well as the reconstructed $\documentclass[12pt]{minimal}
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Measurement of the *W* boson helicity fractions {#Sec8}
===============================================
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The uncertainties in the helicity fractions obtained from the fit include both the statistical uncertainty of the data and the systematic uncertainty of the background normalisations. For the leptonic analyser, the most sensitive results are obtained for the two-channel combination (electron + muon) in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ge $$\end{document}$2 *b*-tags region. Adding further channels increases the total systematic uncertainty, in particular due to uncertainties in the *b*-tagging, which do not compensate with the decrease in the statistical uncertainty. For the hadronic analyser, the four-channel combination (including both the 1 *b*-tag and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ge $$\end{document}$2 *b*-tags regions) improves the sensitivity compared to the two-channel combination. For each source of systematic uncertainty, modified pseudo-data templates are created and evaluated via ensemble testing. The differences between the mean helicity fractions measured using the nominal templates and those varied to reflect systematic errors are quoted as systematic uncertainty. Systematic uncertainties from different sources, described in the following section, are treated as uncorrelated.

Systematic uncertainties {#Sec9}
========================

Systematic uncertainties from several sources can affect the normalisation of the signal and background and/or the shape of the $\documentclass[12pt]{minimal}
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Uncertainties associated with reconstructed objects {#Sec10}
---------------------------------------------------

Different sources of systematic uncertainty affect the reconstructed objects used in this analyses. All these sources, described in the following, are propagated to changes in the shape of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\cos {\theta ^{*}}$$\end{document}$ distributions.

Uncertainties associated with the lepton selection arise from the trigger, reconstruction, identification and isolation efficiencies, as well as the lepton momentum scale and resolution. They are estimated from $\documentclass[12pt]{minimal}
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                \begin{document}$$W \rightarrow e\nu $$\end{document}$ processes in data and in simulated samples using tag-and-probe techniques described in Refs. \[[@CR65]--[@CR69]\]. Since small differences are observed between data and simulation, correction factors and their related uncertainties are considered to account for these differences. The effect of these uncertainties is propagated through the analysis and represent a minor source of uncertainty in this measurement.

Uncertainties associated with the jet selection arise from the jet energy scale, jet energy resolution, jet vertex fraction requirement and jet reconstruction efficiency. The jet energy scale and its uncertainty are derived combining information from test-beam data, LHC collision data, and simulation \[[@CR58]\]. The jet energy scale uncertainty is split into 22 uncorrelated sources that have different jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ dependencies and are treated independently in this analysis. The uncertainty related to the jet energy resolution is estimated by smearing the energy of jets in simulation by the difference between the jet energy resolutions for data and simulation \[[@CR70]\]. The efficiency for each jet to satisfy the jet vertex fraction requirement is measured in $\documentclass[12pt]{minimal}
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Since the *b*-tagging efficiencies and misidentification rates are not modelled satisfactorily in MC simulation, all jets are assigned a specific $\documentclass[12pt]{minimal}
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An additional uncertainty is assigned due to the extrapolation of the *b*-tagging efficiency measurement to the high-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$ region. Twelve uncertainties are considered for the light-jet tagging, all depending on jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$. These systematic uncertainties are taken as uncorrelated.

The uncertainties from the energy scale and resolution corrections for leptons and jets are propagated into the $\documentclass[12pt]{minimal}
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Uncertainties in signal modelling {#Sec11}
---------------------------------

The uncertainties in the signal modelling affect the kinematic properties of simulated $\documentclass[12pt]{minimal}
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To assess the impact of the different parton shower and hadronisation models, the [Powheg+Herwig]{.smallcaps} sample is compared to a [Powheg+Pythia]{.smallcaps} sample and the symmetrised difference is taken as a systematic uncertainty. Similarly, an uncertainty due to the matrix element (ME) MC event generator choice for the hard process is estimated by comparing events produced by [Powheg-Box]{.smallcaps} and MC\@NLO, both interfaced to [Herwig]{.smallcaps} for showering and hadronisation. The uncertainties due to QCD initial- and final-state radiation (ISR/FSR) modelling are estimated using two [Powheg+Pythia]{.smallcaps} samples with varied parameters producing more and less radiation. The larger of the changes due to the two variations is taken and symmetrised.
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                \begin{document}$$t\bar{t}$$\end{document}$ signal due to the PDF choice is estimated following the PDF4LHC recommendations \[[@CR73]\]. It takes into account the differences between three PDF sets: CT10 NLO, MSTW2008 68% CL NLO and NNPDF 2.3 NLO \[[@CR74]\]. The final PDF uncertainty is an envelope of an intra-PDF uncertainty, which evaluates the changes due to the variation of different PDF parameters within a single PDF error set, and an inter-PDF uncertainty, which evaluates differences between different PDF sets. Each PDF set has a prescription to evaluate an overall uncertainty using its error sets: symmetric Hessian in the case of CT10, asymmetric Hessian for MSTW and sample standard deviation in the NNPDF case. Half the width of the envelope of the three estimates is taken as the PDF systematic uncertainty.

The effect of the uncertainty in the top quark mass is estimated using MC samples with different input top masses for the signal process. The dependence of the obtained helicity fractions on the top quark mass is fitted with a linear function. The uncertainties in the helicity fractions are obtained from the slopes multiplied by the uncertainty in the top quark mass of $\documentclass[12pt]{minimal}
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Uncertainties in background modelling {#Sec12}
-------------------------------------

The different flavour samples of the *W*+jets background are scaled by data-driven calibration factors \[[@CR49]\] as explained in Sect. [3](#Sec3){ref-type="sec"}. All sources of uncertainty on the correction factors other than normalisation (e.g. associated with the objects identification, reconstruction and calibration, etc.) are propagated to the *W*+jets estimation. Their normalisation uncertainty (5% for *W*+light-jets, 25% for *W*+*c*-jets and 7% for *W*+*bb*/*cc*) is taken into account in the likelihood fit as explained in Sect. [5](#Sec8){ref-type="sec"}.

A relative uncertainty of 30%, estimated using various control regions in the matrix method calculation \[[@CR52]\], is used for the fake-lepton contribution.

For single top quark production, a normalisation uncertainty of 17% is assumed, which takes into account the weighted average of the theoretical uncertainties in *s*-, *t*- and *Wt*-channel production (+5/$\documentclass[12pt]{minimal}
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An overall normalisation uncertainty of 48% is applied to *Z*+jets and diboson contributions. It takes into account a 5% uncertainty in the theoretical (N)NLO cross-section as well as the uncertainty associated with the extrapolation to high jet multiplicity (24% per jet).

All normalisation uncertainties are included in the fit of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ge $$\end{document}$2 *b*-tags regions) by adding the uncertainties in the theoretical cross-sections of the single top quark, diboson and *Z*+jets contributions in quadrature. The uncertainty in the shape of the *W*+jets background is considered by jet flavour decomposition. Further background shape uncertainties were evaluated and found to be negligible.

Other uncertainties {#Sec13}
-------------------

The uncertainty associated with the limited number of MC events in the signal and background templates is evaluated by performing pseudo-experiments on MC events.

The impact of the 1.9% luminosity uncertainty \[[@CR75]\] is found to be negligible since the background normalisations are constrained in the fit.

Results {#Sec14}
=======

The measured $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$  boson helicity fractions obtained using the leptonic analyser in semileptonic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ events with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ge $$\end{document}$2 *b*-tags are presented in Table [2](#Tab2){ref-type="table"}.Table 2Measured $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$  boson helicity fractions obtained from the leptonic analyser including the statistical uncertainty from the fit and the background normalisation as well as the systematic uncertaintyLeptonic analyser ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ge $$\end{document}$2 *b*-tags)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_{\mathrm {0}}$$\end{document}$ = 0.709 ± 0.012 (stat.+bkg. norm.) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{+0.015}_{-0.014}$$\end{document}$ (syst.)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_{\mathrm {L}}$$\end{document}$ = 0.299 ± 0.008 (stat.+bkg. norm.) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{+0.013}_{-0.012}$$\end{document}$ (syst.)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_{\mathrm {R}}$$\end{document}$ = $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-0.008$$\end{document}$ ± 0.006 (stat.+bkg. norm.) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pm 0.012$$\end{document}$ (syst.)

By construction, the individual fractions sum up to one. The $\documentclass[12pt]{minimal}
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Figure [4](#Fig4){ref-type="fig"} shows, separately for the *e*+jets and $\documentclass[12pt]{minimal}
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The contributions of the various systematic uncertainties are quoted in Table [4](#Tab4){ref-type="table"}. In the case of the leptonic analyser, the dominant contributions come from the jet energy scale and resolution and the statistical error in the MC templates. For the hadronic analyser, the systematic uncertainties are larger. Including the 1 *b*-tag region aids in reducing the error. One of the main contributions is the $\documentclass[12pt]{minimal}
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Conclusion {#Sec15}
==========
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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The jet vertex fraction is defined as the scalar sum of the transverse momenta of a jet's tracks stemming from the primary collision vertex divided by the scalar sum of the transverse momenta of all tracks in a jet.
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This change does not have any impact on the measured helicity fractions, but it changes the obtained limits on the anomalous couplings.
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